Scrap tires that are dumped to landfill is a serious problem in China and rest of the world. The use of rubber in concrete is an effective environmental approach to reduce the amount of scrap tires around the world. However, the loss in compressive strength of concrete is a major drawback of rubberized concrete. In this paper, the fiber reinforced polymer (FRP) confinement technique is used to overcome the drawbacks of rubberized concrete (RuC). A total of sixty six RuC cylinders were tested in axial compression. The cylinders were cast using recycled rubber to replace, a) 0-50 percent fine aggregate volume, b) 0-50 percent coarse aggregate volume, and c) 40-50 percent fine and coarse aggregate volume. Twenty seven cylinders of the latter mix were then confined with one, two and three layers of CFRP jackets. Concrete suffered a substantial reduction in compressive strength up to 80 percent by fine and coarse aggregate replacement with rubber content. However, CFRP jackets recovered and further enhanced the axial compressive strength of RuC up to 600% over unconfined RuC. SEM was performed to investigate the microstructural properties of RuC. Statistical models were developed on the basis of experimental tests for FRP confined RuC cylinders using response surface method. The effect of variable factors; unconfined concrete strength, rubber replacement type and number of FRP layers on confined compressive concrete strength was investigated. The regression analysis was performed to develop the response equations based on quadratic models. The predicted and experimental test results were found in good agreement as the variation between experimental and predicted values were less than 5%. Furthermore, the difference between predicted and adjusted R 2 was found to be less than 0.2 which shows the significance of the statistical models. These proposed statistical models can provide a better understanding to design the experiments and the parameters affecting FRP-confined RuC cylinders.
Introduction
Scrap tire management has become a serious issue due to the increase in tire production. Worn out tires cause serious health and environmental issues. Scrap tires contain a high percentage of volcanized rubber which is difficult to recycle. Tires can also catch fire resulting in increased cost to extinguish it. Rubber content can be partially replaced by mineral aggregates in concrete, which is one of the possible recycling approaches. Several advantages of rubber have been reported in the literature [1] . High strength, flexibility and the ability to maintain its volume under compressive loading are some of the advantages of rubber. However, the addition of rubber can cause a significant loss in mechanical properties of concrete [1] [2] [3] [4] [5] . The reduction in compressive strength of rubberized concrete is a major drawback of using RuC in engineering practice [1] . A lot of studies have been conducted for partial replacement of mineral aggregate by rubber content in concrete [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Low compressive and tensile strength as compared to normal concrete was reported by the addition of rubber particles in concrete [11, 12] . However, the amount of damage caused by the addition of rubber in compressive strength of rubberized concrete is dependent on the size, and type of rubber replacement [13] . A few inconsistent results for mechanical properties of RuC have been reported in the literature in terms of compressive strength, ductility and elastic modulus [11] . SEM results from previous literature show that RuC has high entrapped air content and weaker bonding as compared to the conventional concrete [14] . The high porosity of mix and weak bonding between concrete and rubber content results in reduced concrete compressive strength due to addition or replacement of rubber [15, 16] . A lot of researches have been conducted in recent years for fiber reinforced polymer (FRP) confinement of structures [17] [18] [19] [20] [21] [22] . FRP jacketing of columns has become increasingly common in the construction industry. A lot of experimental studies have proven the effectiveness of FRP jackets for seismic resistance of conventional concrete columns due to its high strength and stiffness. Moreover, the jacketing of rubberized concrete (RuC) by FRP can recover the compressive strength loss due to rubber content. FRP jackets can significantly enhance the confined strength of FRP wrapped columns. [21, 22] The combination of rubberized concrete (RuC) and FRP jackets can result in a column with improved mechanical properties like strength and ductility.
Till date, a very few studies have been reported in the literature for FRP confinement of rubberized concrete. Li et al. conducted experiments on FRP wrapped rubberized concrete with 15 percent rubber replacement. Their results reported 23% strength enhancement for FRP confined RuC cylinders. Furthermore, axial strains of RuC cylinders with FRP jackets were recorded to be two times of normal concrete cylinders. It is worth to note that GFRP jackets were used in their research program [23] . Yousef et al performed an experimental study to increase the confined strength of RuC cylinders. CFRP cylinders cast in FRP tubes were used for confinement. High compressive strength up to 112.5 MPa was reported from their experimental study. However, stress-strain curves of CFRP wrapped rubberized concrete cylinders was almost similar to conventional concrete cylinders [22] . In an experimental study by Duarte et al., the ductility of the RuC samples confined by steel tubes was increased up to 50% but remained limited due to local bucking. [24] . Raffoul et al. investigated the effect of 2 and 3 aramid fiber reinforced polymer (AFRP) layers on mechanical properties for RuC containing 60% rubber content. Compressive strengths and axial strains up to 75 MPa and 5% were achieved [1] . A very few experimental studies exist in the literature for FRP confined RuC [1, 23] . However, according to the author's knowledge, no research has ever been conducted to investigate the behavior of CFRP confined RuC.
It is essential to utilize the robust tool for statistical modeling to better understand the behavior of FRP confined RuC. Response surface methodology (RSM) was used which is a powerful tool for analysis and design of experiments. Predictive models can be developed to compare the experimental data and predicted values. RSM technique uses a statistical method and develops a relationship between independent and dependent variables in the study [25] . RSM can be used with less effort and limited resources to analyze the experiments in a systematic method. The relationship between the independent input factors and dependent output variables can be drawn with the use of statistical models. Finally, a model can be developed to predict the output of experiments using dependent variables. It can indicate the sensitivity and effect of the independent input factors on the output factor [26] . The best possible solution from the 3D curves and statistical models can be developed. The advantages of RSM technique are, a) Limited number of experiments b) Relationship and regression models for input and output, c) Evaluation and development of statistical model with the desired output factor and input variables, d) Lesser time required for development of statistical models using RSM, and e) Validation of the predicted and experimental data. RSM technique is commonly used in the concrete industry but its use in FRP confined concrete is still novel. Several researchers have used this technique for modeling, optimization, and analysis for the experiments [25, 27] .
This innovative research study aims to recover or even further enhance the loss in compressive strength of RuC by using CFRP jackets. The experimental results from this innovative research will contribute in the possible future use of FRP confined RuC for structural columns. Furthermore, the increased lateral dilation of RuC can be exploited by FRP jackets to develop a high strength and deformable concrete. The main objective of this paper is to investigate the CFRP confinement of RuC for the first time and apply the RSM technique to model the parametric factors affecting the FRPconfined RuC. The principal variables in this research study are number of FRP layers, unconfined concrete compressive strength, and type of aggregate replacement. The experimental results from FRP confined RuC tests are analyzed by RSM technique to form a predictive model based on dependent variables.
Experimental Program
This research study is comprised of 66 circular concrete cylinders. The program was divided into three groups having fine (0 to 50%), coarse (0 to 50%), fine and coarse mineral aggregate (40 to 50%) replacement by rubber content. The mechanical performance of rubberized concrete was investigated and the main parameters of the study were an unconfined concrete strength, the percentage of rubber content and number of fiber reinforced polymer (FRP) layers.
Materials
Portland Limestone Cement containing 10% limestone was used for all mixes according to ASTM C1157. Fly Ash (FA) and Silica Fume were used in this research to obtain the target strength. Locally available fine aggregate was used with a size and specif gravity of 0-5 mm and 2.65 respectively. Two sizes were selected for the coarse aggregates i.e., 5-10 and 10-20 mm. Figure 1 represents the rubber and aggregate particle size used in this study. The rubber content was divided into two groups i.e., 0-5 and 5-20 mm for fine and coarse aggregate replacement respectively. The properties of aggregate and rubber content are shown in Table1. 
Response Surface Method
Response surface method is a statistical method to develop a relationship between independent and dependent variables. Independent dependent variables are known as factors and response respectively. The method involves four different procedures to develop or validate a model as, a) Designing of the experiments using the RSM design tool, b) Experiments are performed to get response values for different variables, c) Development of a model with different response functions and variables, and d) Optimizing the proposed model using RSM techniques used in the software [28] . Various design models can be used like linear, quadratic or cubic to process the model. These models can be used to predict the response like the compressive strength of concrete. Models and approaches used for response surface method are shown in Figure 2 [29] . The quadratic model was used in this research study to predict the response for different variables like a number of FRP sheets, unconfined strength, and percentage of rubber content. Compressive strength was the response predicted by quadratic models. Unconfined strength and number of FRP jackets used to confine concrete columns significantly changes the response of concrete cylinders. The range of independent variables like unconfined strength and number of FRP layers was determined from the experimental test values. The commercial software (Design Expert) was used to design and analyze the experiments. The software uses the optimal quadratic model as shown in the Equation 1.
Where a predicted response is designated by y, xi and xj are the preparation variables. The numbers of factors to be optimized and random error are designated by k and ε respectively.
Casting Procedure
The concrete constituents were mixed as, 1) Rubber particles and mineral aggregates were mixed for 30 seconds. The rubber particles were used as received whereas; the mineral aggregates were saturated surface dry, 2) Water was mixed in two intervals, 3) The mix was allowed to rest for around 3 minutes, 4) The binder materials (Silica Fume, Fly Ash, and Cement) were added and then the remaining water was poured followed by the addition of admixtures in the mix, 5) The concrete was mixed for approximately three minutes. The cylinders were cast in two layers and vibrated using a vibration table for around 20 seconds per layer. Later, the specimens were covered with plastic sheets and were de-molded after 24 hours. The specimens were put for curing in curing bath tank for 28 days.
FRP Fabrication and Jacketing of Concrete Cylinders

Physical and Mechanical Properties of FRP
The physical and mechanical properties of unidirectional CFRP fabric and cured laminate sheets are shown in Table  2 . The tensile strength and elastic modulus of unidirectional CFRP fabric were 4100, 231000 MPa respectively. Percentage elongation for CFRP fabric as provided by the manufacturer was 1.7%. The standard value of Tensile strength, Tensile Elastic Modulus, elongation, and density for cured laminate jackets were 894 MPa, 65402 MPa, 1.7% and 1.8 g/cc respectively. The surface of specimens was cleaned by brush to get rid of sand and other impurities. 
FRP Jacketing and Testing Procedure
The concrete cylinders were wrapped with unidirectional CFRP jackets. The carbon fiber sheets were wrapped manually around the cylinders using the wet layup technique. An overlap of ¾ inches was provided according to American Concrete Institute (ACI 318-08) in order to avoid premature failure or de-bonding of FRP sheets. Figure 3 shows the fabrication of CFRP jackets. Dust particles were removed from the surface of cylinders and the surface was made smooth before the applying adhesive on the concrete cylinders. The normal brush was used to remove unwanted particles before the application of adhesive and FRP sheets. The adhesive consisted of two components namely "a" and "b". The components were mixed with the desired ratio as recommended by the manufacturer. The adhesive was hardened after approximately 5 hours as mentioned in the manufacturer data sheet. One, two and three layers of FRP were wrapped on the cylinders. The cylinders were tested under axial compression using a compression testing machine having a 3000 kN load capacity. The specimens were tested using the standard protocol described in ASTM C39 [30] . The cylinders were loaded till failure using 0.25 MPa/sec loading rate. Figure 4 shows the general test setup. 
Failure Modes
The failure modes for each specimen from Group 1 to 3 were observed. The control concrete specimens for each group failed suddenly in an explosive manner. Similar failure mode was observed for specimens with low rubber content (10 to 20% Fine or Coarse aggregate replacement). However, the specimens with more rubber content (30, 40 and 50% Fine or Coarse aggregate replacement) failed in a gradual manner. Fine micro-cracks were observed for these specimens. More bulging was observed with higher rubber content. This increase in bulging with higher rubber content can be attributed to increased lateral dilation produced by rubber. Gypsum capping was provided on top and bottom of each specimen to avoid premature and local failure of specimens. The specimen with FRP confinement failed suddenly in an explosive manner dominated by the rupture of FRP sheets from the center and bottom portion. The typical failure mode of the CFRP wrapped column is shown in Figure 5 . Figure 6 shows the microstructure SEM images of different RuC concrete samples. The poor adhesion between rubber content and cement paste is clearly shown in scanning electron microscopy (SEM) images. The poor bonding is attributed to the presence of zinc stearate which results in the creation of soap like layer near rubber. This layer is responsible for repelling water from the rubber content. The surface of rubber content seems to be rough and surrounded by loose particles. This poor bond between rubber content and cement paste is responsible for the reduced compressive strength of concrete.
Microstructural Observations
Rubber content or voids can be seen by dark features in SEM images. Light and intermediate grey color show mineral aggregate and hydrated cement part respectively. Un-hydrated cement particles are shown by bright scattered spots in SEM image. The images also reveal large gaps between cement paste and rubber content. These gaps can be attributed to, a) Poor bonding and limited cement hydration, b) Detachment of rubber during the preparation of the specimen. The gaps were found to be more in concrete having a high percentage of rubber content. Visible cracks between cement paste and aggregates can also be seen from SEM images. Interfacial Transition Zone (ITZ) portion is much thinner in RuC samples as compared to controlled samples without rubber content.
Figure 6. SEM images at 25x and 200x magnification 3.3. Effect of Rubber Replacement Type on Compressive Strength of Concrete
The addition of rubber in concrete resulted in reduced axial compressive strength of RuC as compared to conventional concrete. Table 3 shows the reduction in compressive strength of RuC for different mixes. The fine, coarse and combined fine and coarse aggregate replacement by rubber content is shown by C, F, and CF respectively. 14 to 55 percent reduction in compressive strength was observed for fine rubber replacement in RuC. The mix 50-F showed the highest reduction in compressive strength with 50% rubber content in group-1. It is worth to mention that the addition of rubber content in concrete leads to early cracking and premature crack formation. These factors lead to the loss of concrete strength and low ultimate axial compressive load capacity for concrete cylinders. Higher reduction in axial compressive strength was recorded in the mixes with coarse aggregate replacement as compared to the fine rubber replaced counterparts. A reduction of compressive strength up to 73 percent was recorded for coarse aggregate replacement in RuC (group-2). Highest percentage loss in compressive strength was observed for 50 percent rubber replacement in the mix (50-C). The strength loss in the range of 24 to 73 percent was observed for coarse aggregate replacement with rubber content in RuC. The decrease in compressive strength was more pronounced for coarse aggregate replacement by rubber content over the corresponding fine aggregate replaced RuC. Highest reduction in concrete compressive strength was observed for combined fine and coarse rubber replacement in RuC (group-3). The reduction in compressive strength up to 80% was recorded in this group i.e., higher than the group-1 and 2. Highest reduction in compressive strength was observed for the mix (50-CF), where the mineral aggregate in concrete was replaced with a combined 50% fine and coarse rubber content. Rubberized concrete shows higher lateral dilation than conventional concrete. The rubber particles also show higher lateral dilation when subjected to axial compressive loading. This phenomenon produces higher tensile stresses near rubber content in concrete. Furthermore, it is evident from the results that the addition of rubber particles in concrete cylinders results in a loss of axial compressive strength. Figure 7 shows the predicted versus recorded test results for unconfined RuC (fine rubber replacement). The parametric variable factor for this statistical model was the percentage of rubber content. The output response parameter for this model was the percentage axial compressive strength loss in RuC. The predicted and recorded test values were in good agreement because the value of R 2 was less than 1. Normal probability plot for RuC (fine rubber replacement) is shown in Figure 8 . Data is normally distributed because the data points are coincident with the straight line as shown in Figure 8 . The regression equation "y=7.30+0.97×x" was developed to predict the compressive strength of RuC for fine rubber replacement. The parametric factor "x" and response "y" shows the percentage of rubber content and axial strength loss respectively. It is evident from the Figure 7 and 9 that the addition of rubber causes a reduction in compressive strength of concrete, where the predicted results are in close agreement with the experimental compressive strength results. The loss in strength of RuC cylinders is attributed to higher lateral dilation and premature crack formation in concrete as discussed earlier. Rubberized concrete showed higher lateral dilation than conventional concrete. These factors led to the loss of concrete strength and low ultimate axial compressive load capacity for concrete cylinders. Analysis of variance table (ANOVA) for the response is shown in Table 4 . Figure 7 shows the experimental and predicted values for FRP confined RuC (coarse rubber replacement). Higher loss in axial compressive strength was observed for coarse rubber replacement in RuC as compared to fine rubber replacement. The predicted and test values were found to be in good agreement. Normal probability plot is shown in Figure 10 which shows that the straight 45-degree line and data points are nearly coincident. The regression equation "y=13.90 + 1.19×x" was developed for prediction of the unconfined axial strength of RuC for coarse rubber replacement. The parameters x and y shows the percentage of rubber content and axial compressive strength loss in RuC respectively. The statistical graph for RuC with both fine and coarse rubber replacement was not plotted. The reason was less number of parametric values for percentage rubber replacement in that group. 
Effect of Unconfined Concrete Compressive Strength and Number of FRP Layers
In this section, the effect of fc' (unconfined compressive strength of concrete) and number of FRP layers on the compressive strength of FRP confined-RuC is investigated. Table.6 shows the unconfined compressive strength (fc'), confined compressive strength (fcc'), the confined ratio (experimental and theoretical) for FRP-confined RuC cylinders. The jacketing of rubberized concrete (RuC) by FRP recovered and further enhanced the compressive strength of rubberized concrete. 30 to 39 MPa confined compressive strength was recorded for CFRP confined RuC cylinders for 1 to 3 Layers of FRP sheets in group-1 respectively. The strength increment in FRP confined rubberized concrete strength was reported to be 105 percent of the unconfined RuC cylinders. A higher strength increment in the cylinders with coarse rubber replacement was reported. The test results indicated strength enhancement up to 409 percent for this group (group-2). Confined compressive strengths of 47 to 56 MPa were recorded for 1 to 3 layers of FRP jackets. This increment was higher than the group-1 with the same number of FRP jackets. Moreover, the highest increment in FRP confined RuC was recorded for combined fine and coarse rubber replacement in RuC. The confined compressive strength of 49 to 56 MPa was recorded for 1 to 3 layers of FRP jackets in this group. The test results indicated 500 percent increment for FRP confinement of rubberized concrete in group-3. The inclusion of rubber content in the concrete leads to increased lateral dilation of concrete. This lateral dilation of RuC activates the confining mechanism of FRP jackets. It can be concluded that FRP jacketing can significantly increase the confined compressive strength of rubberized concrete over the unconfined concrete.
The RSM technique was employed to investigate the effect of parameters, a) Effect of unconfined axial compressive strength, and b) Number of FRP layers on strength enhancement for FRP confined RuC. It is evident from the results of the previous section that the addition of rubber content leads to a loss in concrete strength. However, FRP jackets successfully recovered and enhanced the compressive strength of rubberized concrete. The statistical parametric comparison for compressive strength enhancement ratios of FRP confined RuC cylinders are shown in Figure 11 . The graphs were plotted using the response surface method (RSM). The contour plot, also known as the equipotential curve is very common in statistical modeling. The contour plot is a function of variables and the same value points that are connected along the curve [25] . The obtained model shows a reliable correlation between the response and parametric factors. The response factor for Figure 11 was the percentage enhancement ratio for FRP confined RuC cylinders. The parametric factors were the unconfined compressive strength of concrete and number of FRP layers. Based on the results from Figure 11 and 14, it can be concluded that the strength enhancement ratio is highly dependent on the unconfined concrete compressive strength. Analysis of variance table (ANOVA) for the response factor is shown in Table 5 . Figure  14 depicts the perturbation curves to determine the sensitivity of the parametric factors. The parameter fc' (unconfined concrete compressive strength) shows a steep gradient in Figure 14 representing the sensitivity of this parametric factor. The parameter n (number of FRP layers) shows lesser steep slope as compared to fc', which in turn depicts lesser sensitivity of this factor. The graph for the response factor is also plotted in the form of 3D response surface as shown in Figure 12 . Interaction plot shown in Figure 13 It can be concluded from this section that carbon fiber reinforced polymer jackets are highly effective for the confinement of rubberized concrete. Furthermore, this increment in compressive strength is highly dependent on the unconfined concrete compressive strength. . Several design models and codes are available to predict the FRP confined strength of plain concrete. Stress-strain models have also been developed for FRP confined columns [31] . Most of the design models and equations have been developed from best fitting curves [32] . However, the behavior of RuC is very different as compared to the plain concrete. No design code is currently available to predict the strength of FRP confined RuC cylinders due to lack of data and experimental results. Majority of the confinement models and design codes are based on the Equation 2 [33] .
Where fcc' and fco' is the confined and unconfined concrete strength respectively. Confinement pressure and lateral expansion coefficient are designated by k1 and f1 respectively. It is worth to note that the majority of the confinement model is based on normal strength plain concrete columns, the results may not be accurate for normal or high strength concrete confined by FRP. The approach and philosophy behind ACI code are based on the model presented by Mander et al. (1988) for steel confined concrete. The model was later modified by Spoelstra and Montri (1999) [34] . The model of Mander et al was adopted for FPR confined concrete strength enhancement. The philosophy behind using this model is that behavior of FRP and steel is same up to yield point i.e., linear elastic behavior. The fcc' provides the peak confined strength of concrete based on Mander curve but the confinement pressure is limited by ultimate FRP strain. The ultimate FRP strain is limited to lesser of 0.004 or 75 percent of ultimate FRP strain. Table 6 . Higher safety factors are considered by CSA, ISIS, fib and CS TR-55 design codes as compared to ACI. However, ACI and CSA apply reduction factors for materials and composition of FRP, the process of its manufacturing and exposure conditions for the structure.
The proposed equation based on the statistical modeling and regression analysis shows reasonable values for FRP confinement of rubberized concrete. The statistical model is significant as the proposed results are in good agreement with the recorded test values as shown in Table 6 . The current international design guidelines developed for conventional concrete confinement does not account for increased lateral expansion by RuC. The philosophy behind the proposed equation is the early development of confinement pressure by FRP jackets for FRP confined RuC. Confinement factor was modified in-order to account for higher lateral dilation of RuC. This lateral dilation for RuC can be further exploited resulting in promising results for confinement. The proposed confinement equation for RuC is shown in the Equation 5 .
Where as:
P is the lateral dilation coefficient ranging from 1.08 to 2.1. Confinement pressure f1 is shown in Equation 6 .
Where Ef= tensile elastic modulus of FRP, n= number of FRP layers, t= thickness of FRP layer, εfr= ultimate tensile strain of FRP and D= diameter of the section. 
Validation of Statistical Models (ANOVA)
Analysis of variance (ANOVA) table is shown in Table 7 . The ANOVA models were statistically validated as the predicted and adjusted values of R 2 for the models are less than 0.2. The predicted and test values are in good agreement as shown in Table 5 and 7. Moreover, the adequate precision of the response factor in the statistical models was more than 4 which shows the acceptance and satisfactory performance of these models. The significance of the model can be predicted from the higher magnitude of F value and lower values for probability. Probability values less than 0.005 depicts the satisfactory performance of the statistical and regression models. [25, 37] The probability values are lesser than 0.005 for the parametric factors used in this research as shown in Table. 7. Table. 7 shows the statistical model validation factors obtained from analysis of variance (ANOVA). 
Conclusions
This paper utilizes the RSM technique to develop the statistical models using parametric factors affecting the performance of FRP-confined RuC. The principal variables in this research study were number of FRP layers, unconfined concrete compressive strength, and type of aggregate replacement. Based on the results of this study, the following conclusions can be drawn:  Significant reduction in compressive strength of RuC was observed for a higher percentage of rubber content replacement in the concrete mix. Furthermore, a higher reduction in axial compressive strength up to 80% was recorded for 50% rubber replacement in RuC. The developed regression equations could predict the reduction in compressive strength of RuC with accuracy as the RSM models were statistically validated.
 CFRP jackets can recover and further enhance the compressive strength of RuC. Strength enhancement up to 105, 409 and 600 percent was recorded for 3L CFRP confined RuC over unconfined RuC in group 1, 2 and 3 respectively.
 The strength enhancement for FRP confined RuC is highly dependent on the unconfined concrete compressive strength. Analysis of variance (ANOVA) and perturbation curves shows the higher sensitivity of the parametric factor (fc') which depicts the higher influence of this parameter on the performance of FRP confined RuC.
 The principal parametric factor n (number of FRP layers) fewer influences the strength enhancement provided by CFRP jackets for FRP confined RuC. 
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